A shielded hall was constructed for accommodating a D-D, D-T or D-Be based pulsed neutron generator (NG) with 4π yield of 10 9 n/s. The neutron shield design of the facility was optimized using NCRP-51 methodology such that the total dose rates outside the hall areas are well below the regulatory limit for full occupancy criterion (1 µSv/h). However, the total dose rates at roof top, cooling room trench exit and labyrinth exit were found to be above this limit for the optimized design. Hence, additional neutron shielding arrangements were proposed for cooling room trench and labyrinth exits. The roof top was made inaccessible. The present study is an attempt to evaluate the neutron and associated capture gamma transport through the bulk shields for the complete geometry and materials of the NG-Hall using Monte Carlo (MC) codes MCNP and FLUKA. The neutron source terms of D-D, D-T and D-Be reactions are considered in the simulations. The effect of additional shielding proposed has been demonstrated through the simulations carried out with the consideration of the additional shielding for D-Be neutron source term. The results MC simulations using two different codes are found to be consistent with each other for neutron dose rate estimates. However, deviation up to 28% is noted between these two codes at few locations for capture gamma dose rate estimates. Overall, the dose rates estimated by MC simulations including additional shields shows that all the locations surrounding the hall satisfy the full occupancy criteria for all three types of sources. Additionally, the dose rates due to direct transmission of primary neutrons estimated by FLUKA are compared with the values calculated using the formula given in NCRP-51 which shows deviations up to 50% with each other. The details of MC simulations and NCRP-51 methodology for the estimation of primary neutron dose rate along with the results are presented in this paper.
INTRODUCTION
Pulsed neutron generator is the main component of the active neutron assay system of nuclear waste bearing fissile materials. In this respect, for standardizing active neutron interrogation technique, a Plasma Focus (PF) based NG using The remaining height up to the roof is constructed as two parallel regular brick walls on the top of the shield wall. The roof covering the hall is made of ordinary concrete of thickness 0.27 m. A labyrinth made of high density concrete blocks is constructed inside the hall to reduce the radiation dose streaming to the control room through the hall entrance. For control and electric cables passage, two trenches are provided between the hall and the control room; and one trench between the hall and cooling room for passage of cooling channels as shown in Figure 2 . Further, a movable shield door (2.5 m length) is eructed on the west side of hall to cover the entrance for materials transport. It is made as a mild steel box arrangement filled with 0.45 m paraffin followed by 0.05 m lead and placed on a movable trolley. It provides the equivalent shielding thickness of 1.1 m concrete. The dimensions of the concrete shielded walls, labyrinth arrangements, movable shield door and trenches were optimized and designed as per the NCRP-51 recommendations. The multi-collision dose-equivalent index transmission curve of concrete for neutrons produced by D-T reaction with D + ion energy 1.6 MeV as provided in NCRP-51 [2] was used for optimizing the concrete wall thickness.
The thickness of ordinary concrete wall was optimized to 1.1m for reducing the total dose rate due to primary neutrons, reflected neutrons and the associated capture gamma outside the NG-Hall well below the limit of 1 µSv/h recommended by Atomic Energy Regulatory Board (AERB), India for full occupancy area. However, for the optimized design, the estimated total dose rates by NCRP-51 was found to be > 1 μSv/h at the exit of cooling room trench and labyrinth; and the roof top total dose was estimated to be around 200 μSv/h. Hence, additional neutron shielding for covering the trench exit with paraffin block (made of 0.2 m paraffin covered with 0.002 m thick iron) and closing the labyrinth entrance with shield door (made of 0.05 m HDPE covered with 0.002 m iron) as proposed. Also, fencing was provided on the roof top to make it inaccessible for personnel. Although the radiation shielding of particle accelerator facilities can be designed or evaluated based on the NCRP-51 guidelines, Monte Carlo (MC) simulations are the most accurate methods for evaluating the structures that involve bulk composite shielding, and complicated geometries. In this regard, the present study is an effort to evaluate the shielding adequacy of NG hall using two different MC simulations, FLUKA [3, 4] and MCNP [5] . Realistic modeling and simulation of the NG hall is performed using both the codes to estimate the individual neutron and capture gamma dose rates and hence the total dose rates at various locations outside the NG hall as indicated in Figure 1 and above the roof top. In the following sections, the methodologies used in MC simulations, calculation of primary neutron dose rate using the formula given in NCRP-51 and the results of the present studies are discussed.
MATERIALS AND METHODS
The present study employs MC codes FLUKA and MCNP to simulate the coupled neutron-photon interaction and transport in a geometry involving bulk shield materials. FLUKA is a fully integrated particle physics MC simulation package whereas MCNP is a general-purpose MC radiation transport code. Both the codes are capable of simulating hadronic and electromagnetic cascades in detail.
They are widely used in high energy physics, medical physics, health physics and dosimetry etc. An important difference between them is their treatments for low-energy neutrons. Transport of low-energy neutrons is performed in FLUKA by a using multi-group framework whereas they are explicitly simulated based on continuous-energy cross-sections in MCNP. The complete LINAC hall has been modeled with the exact dimensions using both the codes by adopting the respective coding procedures.
The simulations are carried out independently for the following neutron spectra corresponding to the three NGs of yield 10 9 n/s/4π each. trons are sampled by user defined source routine. The source is assumed to be a point isotropic in all cases. In order to score neutron and photon fluence at the desired detector locations, 'USR-TRACK' card is used as it does the track-length estimate of the particle fluence of interest in the region integrated over the whole energy range. To score neutron fluence distribution inside and around the facility, 'USRBIN' card is used. For folding the neutron/photon fluence with "AMB74" conversion coefficients to estimate ambient dose equivalent in the desired detector locations of interest, 'USRBIN' and 'USRTRACK' cards along with AUXSCORE card are used. AMB74 conversion factors are as per ICRP 74 publication [7] . Each simulation is employed with 10 
MCNP SIMULATIONS
In order to perform coupled neutron-photon transport, 'MODE N P' option is used in MCNP 
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While estimating the dose rate at the location 5, the 'Importance biasing' method has been implemented in FLUKA and MCNP only for the south wall which lies between the source and the detector location 5. The remaining walls are simulated as single cells without biasing to take care of the reflected neutrons from the other walls effectively without tracking the total thickness of the walls. Similarly, for evaluating the dose rates at the locations 1, 2, 3 and 4, the 'importance biasing' is applied only for the east wall. The same methodology has been employed for the west wall while evaluating the dose rates at the location 6.
RESULTS AND DISCUSSION
The neutron and capture gamma dose rates are evaluated in all detector locations of interest using FLUKA and MCNP by simulating the full NG hall initially without considering the additional shields over the cooling room trench and labyrinth. The results of simulations are presented in Tables 1, 2 In case of D-Be and D-D neutrons, the deviations in the neutron dose rates estimated by MCNP and FLUKA are found to be within 12 % for all the locations whereas the deviation up to 17% is observed for D-T neutrons. However, for the total dose rates, the deviations are up to 18 % for D-Be and D-T reactions and 28% for D-D reaction. This may be partly attributed to the smaller magnitudes of the capture gamma dose rates and partly to the difference in computational methodologies.
The dose rates in the locations 5 and 6 after 1.1 m thick concrete wall are estimated to be < 1 μSv/h irrespective of the type of source spectrum. This result shows that the wall thickness is adequate for all the three types of sources with the yield of 10 9 n/s. The dose rates at the exit of control cable and electric cable trenches (locations 2 & 3) are also estimated to be < 1 μSv/h. Whereas the dose rate at the exit of cooling room trench (locations 1) is estimated to be > 1 µSv/h due to the fact that the trench entrance is closer to the source. Similarly, the dose rate at the exit of labyrinth (location 4) is estimated to be > 1 µSv/h due to radiation streaming. The dose rate distributions simulated by FLUKA in XY plane of LINAC hall shown in Figure 6 which clearly demonstrates the streaming of radiation through the cooling room trench and labyrinth. The total dose rate above the roof top dose is estimated to be high for all cases due to thin roof wall and the same is demonstrated in Figure 7 . The analytical formula, which is provided in NCRP-51 for estimating the total dose rate due to the transmission of primary neutrons and the associated capture gamma is given below in eq. (1). The total dose rates estimated using the formula provided in NCRP-51 are compared with the results of FLUKA simulations in Table 4 . Comparison shows that the NCRP-51 values are found to be lower than FLUKA values up to 50%. 
CONCLUSION
The shielding adequacy of NG hall, which was designed based on NCRP-51 methodology, has been MCNP and FLUKA are less compared to the total including capture gamma dose rates. This may be partly attributed to the smaller magnitudes of capture gamma dose rates and to some extent due to difference in computational methodologies. The study also shows that the dose rates due to the transmission of primary neutrons through the concrete shield evaluated by FLUKA is observed to be more up to 50% compared to the values estimated using NCRP-51. Hence, this study recommends that the shield design optimization using NCRP-51 methodology alone needs an additional shield thickness for the conservative design.
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